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[1] Profiles of in situ measurements of ice crystal size distribution of subtropical cirrus
were used to calculate solar spectral irradiances above and below the clouds. Spheres and
nonspherical ice crystal habits (columns, hollows, plates, bullets, and aggregates) were
assumed in the calculations. The simulation results were compared to irradiance
measurements from the NASA Solar Spectral Flux Radiometer. The microphysical and
radiation data were collected by three aircraft during CRYSTAL-FACE. Two cirrus cases
(optical thickness of about 1 and 7) from two mission dates (26 and 23 July 2002)
were investigated in detail. The measured downwelling and upwelling irradiance spectra
above the cirrus could mostly be reproduced by the radiation model to within ±5–10% for
most ice crystal habits. Below the cirrus the simulations disagreed with the measured
irradiances due to surface albedo variability along the flight track, and nonoptimal
colocation between the microphysical and irradiance measurements. The impact of shape
characteristics of the crystals was important for the reflected irradiances above the optically
thin cirrus, especially for small solar zenith angles, because in this case single-scattering
dominated the solar radiation field. For the cirrus of moderate optical thickness the enhanced
multiple scattering tended to diminish particular shape features caused by nonspherical
single-scattering. Within the ice absorption bands the shape-related differences in the
absorption characteristics of the individual nonspherical ice crystals were amplified if
multiple scattering prevailed. Furthermore, it was found that below the cloud the shape
sensitivity of the downwelling irradiance spectra is larger compared to the nonsphericity
effects on reflected irradiances above the cirrus. Finally, it was shown that the calculated
cirrus solar radiative forcing could vary by asmuch as 26%depending on the ice crystal habit.
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1. Introduction

[2] Cirrus clouds play an important role in weather
processes and the Earth’s climate [Liou, 1986; Ramaswamy
and Ramanathan, 1989; Sherwood, 1999; Lynch et al.,
2002], because they significantly modify the solar and
infrared radiation within the atmosphere. This modification
is realized by scattering and absorption of solar radiation
and by absorption and emission of infrared radiation. The
scattering reduces the solar radiation reaching the Earth’s
surface and thus results in a surface cooling effect. On the
other hand, cirrus clouds absorb upwelling infrared radia-
tion emitted by the surface and lower atmosphere and emit
at much lower temperatures than the surface, effectively
reducing the infrared energy escaping the Earth-atmosphere
system. The net effect of cirrus on surface temperature
depends on several factors including cloud height, cloud
geometrical thickness, and cirrus microphysical properties
(ice crystal size and shape). Perhaps the least known of
these factors, ice crystal shape, makes it very complicated to
quantify the impact of cirrus clouds on global climate.
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[3] There are also climate feedback processes related to
cirrus clouds. For example, anthropogenic greenhouse gases
can increase the surface temperature, which might result in
an increased frequency and intensity of deep convective
systems, which may affect cirrus cloudiness. Hence the net
effect of increased greenhouse gas concentrations on surface
temperature also depends on the response of cirrus to the
changing environment. Cirrus cloud properties may change
due to natural and anthropogenic aerosols. Elevated aerosol
particles may affect ice nucleation and thus change the
numbers and sizes of cirrus ice crystals. These cirrus cloud
modifications would ultimately affect radiation budgets and
climate.
[4] The microphysical characteristics of cirrus clouds are

closely linked to their optical properties. Several, mostly
theoretical, studies have been published on this subject
[e.g., Kinne and Liou, 1989; Mishchenko et al., 1996; Tsay
et al., 1996; Macke et al., 1998; Zhang et al., 1999; Yang
et al., 2000]. Only sparse experimental data are presented
in literature [e.g., Francis et al., 1999], which, however,
are limited to broadband (solar and infrared) cirrus optical
properties.
[5] In this paper we concentrate on solar radiative effects

of cirrus ice crystals. We include airborne microphysical in
situ measurements (crystal number size distribution) into
radiative transfer calculations in order to quantify (1) the
impact of crystal habit on solar spectral irradiances above
and below the clouds, and (2) the cirrus radiative forcing as
a function of ice crystal habit. The primary goal of this
paper is to evaluate the spectral radiative effects due to the
usually nonspherical shape of ice crystals in cirrus clouds
using actual microphysical data. The conclusions are sup-
ported by comparing the simulations with solar spectral
irradiance measurements, which are colocated as best as
practically possible with the microphysical sampling. In this
way the measurement-based calculations are constrained by
the solar spectral irradiance data collected above and below
the cirrus clouds.
[6] In section 2 the experimental instrumentation and

modeling tools used in this paper are introduced. Subsection
2.1 describes the field experiment from which the data in
this study were obtained, as well as the microphysical and
radiation instrumentation. Subsection 2.2 introduces the
modeling tools applied to simulate the scattering/absorption
of solar radiation by individual ice crystals, crystal popula-
tions, and to calculate the solar atmospheric radiative
transfer including multiple scattering. In section 3 the
influence of crystal habits on the spectral optical properties
of individual ice crystals (subsection 3.1) and crystal
populations (subsection 3.2) is investigated. In the major
part of this paper the nonsphericity effects on the spectral
irradiance above and below the cirrus clouds (subsection 3.3),
and on the cirrus radiative forcing (subsection 3.4) are
quantified. Section 4 provides a summary and conclusions.

2. Methods and Materials

2.1. Experiment

2.1.1. CRYSTAL-FACE
[7] In this paper, microphysical and radiation measure-

ments from the Cirrus Regional Study of Tropical Anvils
and Cirrus Layers - Florida Area Cirrus Experiment

(CRYSTAL-FACE) are analyzed [Jensen et al., 2004].
CRYSTAL-FACE was conducted to study the microphys-
ical, dynamical, and radiative properties of tropical and
subtropical cirrus anvil and layer clouds. The data were
collected around Florida and the Caribbean Sea in July 2002
from six aircraft and several surface sites.Measurements from
the NASA ER-2 and WB-57F, as well as the Naval Research
Lab CIRPAS (Center for Interdisciplinary Remotely-Piloted
Aircraft Studies) Twin-Otter (type UV-18A) will be the focus
of this study. The WB-57F carried a suite of microphys-
ical instruments (see subsection 2.1.2.1) to probe the
cloud characteristics. The ER-2 and the Twin-Otter were
both equipped with identical versions of solar spectral
irradiance sensors (see subsection 2.1.2.2) to measure
downwelling and upwelling irradiance spectra above
(ER-2) and below (Twin-Otter) the cirrus clouds. Two
specific cirrus cases have been investigated in detail
(subsection 2.1.3).
2.1.2. Instrumentation
2.1.2.1. Microphysical Measurements
[8] Two different approaches to measure the ice crystal

size distribution were applied: (1) The Video Ice Particle
Sampler (VIPS; size range 0–300 mm with an equidistant
resolution of 10 mm) directly collects the ice particles on a
rotating, oil-covered replicator [Heymsfield andMcFarquhar,
1996]. The collected crystals are observed with a digital
video camera. The crystal size distribution is retrieved
from the images with an objective algorithm after the
flights. (2) Three optical size spectrometers covering over-
lapping size ranges are combined to obtain the composite
crystal size distribution. These three instruments are the
Cloud Aerosol Precipitation Spectrometer (CAPS), the
Signal Processing Package (SPP), and the Cloud Particle
Imager (CPI).
[9] The CAPS is a combination of the Cloud Aerosol

Spectrometer (CAS; size range 0.5–44 mm) and the Cloud
Imaging Probe (CIP; size range 50–1600 mm) and is intro-
duced by Baumgardner et al. [2002]. The SPP (model 100,
SPP-100; size range 2–47 mm) is a modified Forward
Scattering Spectrometer Probe (FSSP-100), manufactured
by Particle Measuring Technology, and is equipped with an
electronics signal processing package fromDroplet Measure-
ment Technology. The revised signal electronics eliminates
deadtime losses and improves the size resolution. The
CPI (manufactured by SPEC Inc.) captures complete
crystal images with a high size resolution (3 mm).
However, the field of view and sampling threshold limit
the size range to approximately 15–300 mm. The size
distributions from the three instruments (CAPS/SPP/CPI)
were combined by averaging the concentrations from the
probes in overlapping regions. Additional corrections
were made to the SPP for sample volume dependencies
on particle size.
[10] The measurement uncertainties for the CAPS have

been documented by Baumgardner et al. [2002], but these
are for spherical water particles. Instead of adding to the
uncertainty in case of nonspherical ice crystals, the averag-
ing of the size distributions in overlapping size ranges is
expected to decrease the uncertainties since there are differ-
ences in both the sample volumes of the SPP-100 and the
CAS and certainly between these two instruments and the
CPI. The uncertainty in the sizing with the CAS, due to
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aspherical particles is estimated to 30%. The projected-area
uncertainty for optical calculations is about 40%, but it
could be as high as 50% if the particles are columns.
However, if the majority of the sub-50 mm crystals are
roughly symetrical in shape, the uncertainty in the size
measurements is probably no more than 30% and similarly
the projected area uncertainty will be 40%.
[11] For the specific measurement case discussed below,

the VIPS worked extremely well. The sampling volume of
the particles imaged by the VIPS is generally well known.
All of the VIPS particles are essentially in focus, because
they land on a substrate and thus there are no serious depth
of field problems as with the imaging probes. The particle
sizes are sufficiently large such that collection efficiency is
essentially unity. Therefore the concentration measurements
of the VIPS are quite accurate. No particle breakup on the
VIPS substrate occurred because the particles were not too
large in the case investigated here. There is some sizing
uncertainty due to the exact focus of the VIPS. This could
have led to a 10–20% overestimate in the particle size of
the VIPS measurements.
[12] From the number size distributions

dN
d logD (N being

the number concentration in each size bin in dm�3; and D
representing the maximum particle dimension in mm) mea-
sured by the VIPS or the combination of CAPS/SPP/CPI,
the total number concentration (NT in dm�3) of the ice
crystal population was calculated by integration. Also the
ice water content (IWC in mg m�3) was derived from the
size distribution measurements. The ice water path (IWP in
g m�2) was estimated by vertical integration of the profile
data of IWC. The size distribution instruments also provided
the total geometrical cross section of the ice crystals. This
has been used to estimate the volume extinction coefficient
in the visible spectral range bext,vis (in km�1). It was
approximated by the geometrical optics limiting value of
twice the total geometrical cross section of the crystals. By
vertical integration of profile data of bext,vis the visible
optical thickness (tvis, dimensionless) was obtained. Finally
the effective radius (reff in mm) of the cirrus cloud was
estimated using the approximation reff ’ 3

2
� IWP
tvis

[Slingo,
1990].
[13] From the microphysical measurements by the WB-

57F only profile (vertically dispersed) data were used in this
study. Profile measurements actually cover some horizontal
extent which has to be kept in mind when interpreting the
profile data from the WB-57F shown below.
2.1.2.2. Solar Spectral Irradiance Measurements
[14] The radiation measurements were performed using

the NASA Solar Spectral Flux Radiometer (SSFR). The
instrument and its calibration is described in detail by
Pilewskie et al. [2003]. The SSFR measures downwelling
and upwelling irradiance spectra between 350–1670 nm
(Full Width at Half Maximum, FWHM � 9–12 nm). The
radiation is collected by two hemispheric, upward and
downward looking optical inlets (with a cosine angular
response) and transferred, via fiber optics, to four separate
multichannel spectroradiometers (manufactured by Zeiss
GmbH). One pair of spectroradiometers is used to mea-
sure the downwelling, another pair observes the upwelling
irradiance spectra. One type of spectroradiometers covers
the ultraviolet (UV), visible (VIS), and near-infrared
(NIR) wavelength range from 350 nm to 1000 nm. The

second set of spectroradiomters is applied to detect the
extended NIR wavelength range from 900 nm to 1670 nm.
The measurements by the two spectroradiometers for
each hemisphere are combined to yield a composite
spectrum over the entire UV-VIS-NIR spectral range.
However, due to decreased sensitivity of the spectroradi-
ometers near the limit of their respective wavelength
ranges, parts of the overlapping regions between the
spectroradiometers (930–983 nm) have been excluded
from the analysis.
[15] Two identical versions of the SSFR have been

installed on the ER-2 and Twin-Otter airplanes. Both
instruments have been calibrated in absolute irradiance
units (W m�2 nm�1) using a calibrated 1000 W tungsten
halogen lamp before and after the campaign in the
laboratory. In order to track calibration shifts during the
experiment, laboratory and postflight secondary calibra-
tions were done using 200 W lamp irradiance standards.
The family of those calibrations were within 1% from
400–1650 nm wavelength. The wavelength calibration of
the spectroradiometers has been confirmed using a variety
of spectral line radiation sources. The overall estimated
uncertainty for the SSFR spectral irradiance measurements
is ±4% (for wavelengths l = 400–770 nm) to ±6% (l �
400 nm and l � 770 nm). The downwelling irradiances
from the ER-2 were filtered to remove those data collected
when the cosine of solar zenith angle, cos(qs), with respect
to the aircraft differed by more than 1% from cos(qs) with
respect to the Earth-fixed coordinate system.
2.1.3. Investigated Cases
[16] The three criteria for the selection of the cases to be

investigated were (1) available profile measurements of the
microphysical properties through the cirrus clouds by the
WB-57F, (2) available irradiance data above the cloud by
the ER-2, and if possible, by the Twin-Otter below cloud,
and (3) close colocation (in space and time) between the
radiation aircraft (ER-2 and Twin Otter) and the microphys-
ical measurements by the WB-57F. These criteria are
extremely challenging; however, they are crucial for the
data interpretation. After carefully screening the entire data
set, only four cases fulfilled the three conditions: 7, 9, 23,
and 26 July 2002. From these, two are discussed in detail in
the text below (26 and 23 July 2002).
2.1.3.1. Optically Thin Cirrus: 26 July 2002
[17] The first cirrus cloud case analyzed here was ob-

served on 26 July 2002. Figure 1 depicts that part of the
flight tracks of the ER-2 and the WB-57F, where both
aircraft were in close proximity on this day. The WB-57F
penetrated a cirrus cloud in a descending profile pattern
between 16 km and 13 km altitude. The ER-2 was flying
above the cloud concurrently during the profile sampling by
the WB-57F and maintained a nearly constant flight altitude
at 19.9 km. The entire flight tracks of both aircraft were
over the ocean.
[18] The number size distribution measurements collected

by the VIPS during the descent of the WB-57F through the
cirrus layer are not shown here. The curves peak at a
maximum dimension of about 25 mm in a single mode.
Because the radiative effects of the ice crystals are related to
the cross section of the crystals, rather than to their number
concentration, dN

d logD
was converted into cross section size

distributions by multiplying with the crystal cross section
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(assuming spherical crystal shape). The resulting distribu-
tions showed that in this case, ice crystals with a maximum
dimension larger than 30 mm dominated the optical extinc-
tion. The VIPS measurement size range is biased toward the
larger crystals. Therefore not all of the optically efficient
larger particles were sampled by the VIPS.
[19] Figure 2 gives an overview of the vertical structure

of the cirrus cloud observed on 26 July. In Figure 2a the
profile of NT is presented, and in Figure 2b the profile of the
IWC is shown. This cirrus cloud extended from about 13.1 km
to 15.4 km altitude. NT ranged approximately between 100
and 300 dm�3, the IWCmostly stayed below 8mgm�3within
the entire cloud layer. The IWPwas in the range of 7.5 g m�2.
Avalue of tvis of about 1 was derived, which is typical for an

optically thin cirrus cloud. reff of this cirrus was estimated to
be approximately 11 mm. The general macroscopic, micro-
physical, and optical characteristics of this cirrus cloud are
summarized in Table 1.
2.1.3.2. Cirrus of Moderate Optical Thickness:
23 July 2002
[20] The second cirrus case investigated here was ob-

served on 23 July 2002, when coordinated flights of three
aircraft (ER-2, WB-57F, and Twin-Otter) were conducted.
In Figure 3 the parts of the flight paths of the three aircraft
analyzed here are shown. For practical reasons coordinating
three aircraft (with different speeds) in the same geograph-
ical area and with one of the aircraft flying in clouds is quite
complicated. Flight safety rules make it virtually impossible
to have the three aircraft in the area at the same time.
Therefore, first the two radiation aircraft (ER-2 and Twin-
Otter) were simultaneously sampling the radiation field
above and below the cloud, and 29 min after the radiation
aircraft left the area the WB-57F profiled through the cloud
to collect the microphysical data. The ER-2 was flying at a
constant altitude of 20.7 km and the Twin-Otter at 3.6 km.
The WB-57F penetrated into the cloud at 13 km and
descended to about 6 km altitude. The flight paths of the
ER-2 and the Twin-Otter in Figure 3 cover exactly the same
time period. Because the Twin-Otter is much slower than
the ER-2, the length of the flight leg of the Twin-Otter is
shorter compared to that of the ER-2. Because of the 29-min
time lag, the microphysical sampling of the WB-57F was
not perfectly concurrent with the ER-2 and Twin-Otter
radiative sampling, and this had to be considered in the
data interpretation.
[21] The size distribution measurements for this case

(not shown here) are a composite from the CAPS/SPP/
CPI instruments and cover a larger size range than the
VIPS. A local maximum in the number size distribution
was observed around D � 25 mm, similar to the 26 July
case. However, both the level and the variability in the
measured dN

d logD
were larger. A high number of small

particles with less than 4 mm maximum dimension was
detected. This had no serious impact on the solar radia-
tion, which has been tested by sensitivity calculations in

Figure 1. Map of the flight area for the measurements on
26 July. A 1.5� � 1.5� (corresponds to �167 km � 161 km)
geographical grid is covered, and the numbers give the
respective longitude and latitude. The coastline of parts of
northern Honduras is included as a thin solid line. The flight
paths of the ER-2 (thick dash-dotted line), and WB-57F
(thick dashed line) are plotted for the time period between
1859:29 and 1904:08 UTC. The starting locations of the
colocated flight paths are indicated as open triangles.

Figure 2. VIPS measurements (on board WB-57F aircraft) of the (left) ice particle number
concentration NT and (right) ice water content IWC for the measurements on 26 July.
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which the small particles were removed from the size
distribution. Because of the larger size range covered by
the CAPS/SPP/CPI measurements, more optically efficient
ice crystals were sampled compared to the VIPS.
[22] Profiles of NT and IWC are presented in Figure 4. The

major parts of the cirrus cloud extended from about 6.4 km
to 8 km altitude. Above this layer some cirrus patches were
sampled which were not representative for the entire flight
path of the ER-2 and Twin-Otter. This has been shown by
nadir Lidar observations from the ER-2 (M. McGill, private
communication). Therefore, in the following radiative trans-
fer calculations, only the major cloud layer between 6.4 to
8 km altitude has been considered. Including the cirrus
patches above the primary cloud layer changed the simu-
lated reflected and transmitted irradiance spectra at the flight
levels by less than 5%.
[23] The general characteristics of the cirrus cloud ob-

served on 23 July are compared with those of 26 July in
Table 1. NT was much higher on 23 July with maximum
values of up to 15,000 dm�3. The maximum IWC and the
IWP was roughly seventy times higher compared to the
26 July case. tvis was approximately 7 for the 23 July
case, which we categorize as moderate optical thickness.
reff of this moderately thick cirrus is estimated to be
approximately 108 mm.

2.2. Modeling

[24] For the simulation and interpretation of the SSFR
observations above and below the cirrus clouds we used
the following strategy: (1) First, the spectral single-scattering
optical properties of the individual ice crystals were calcu-
lated as a function of the maximum particle dimension D and
the wavelength l (subsection 2.2.1). In order to quantify
the impact of different crystal habits on solar radiation,
these calculations assumed several crystal shapes: spheres,
columns, hollows, plates, bullets, and aggregates. (2) Sec-
ond, the single-scattering optical properties were com-
bined with the observed profiles of ice crystal number
size distributions to calculate the vertical distribution of
the spectral volumetric optical properties of the ice
crystal populations for the different crystal shapes (see
subsection 2.2.2). (3) Third, the volumetric optical prop-
erties were used as input to a radiative transfer model
to simulate the solar spectral irradiance above and

below the cirrus in the flight levels of the ER-2
and Twin-Otter aircraft assuming different crystal habits
(subsection 2.2.3).
2.2.1. Individual Ice Crystals
[25] The single-scattering optical properties of individ-

ual ice crystals (extinction cross section Cext,l, single-
scattering albedo wl, phase function pl, and asymmetry
parameter gl) were computed for the different ice crystal
habits. Cext,l(D) quantifies the extinction of solar radiation
by a particle with maximum dimension D. wl(D) is
defined as the ratio of scattering cross section to extinc-
tion cross section. pl(q,D) describes the distribution of the

Table 1. Summary of the General Characteristics of the Two Cirrus Cloud Cases From CRYSTAL-FACE Investigated in This Study

26 July 2002
Optically Thin Cirrus

(VIPS Data)

23 July 2002
Cirrus of Moderate Optical

Thickness (CAPS/SPP/CPI Measurements)

Macroscopic
Cloud base height, km 13.1 6.4
Cloud top height, km 15.4 8.0

Microphysical
Maximum total number concentration NT, dm

�3 300 15,000
Maximum Ice Water Content IWC, mg m�3 8 550
Ice Water Path IWP, g m�2, IWP =

R
IWC(z0) � dz0 7.5 504

Optical
Maximum volume extinction coefficient bext,vis, km

�1 0.8 8
Visible optical thickness tvis =

R
bext,vis(z

0) � dz0 1 7
Effective radius reff, mm, reff ’ 3

2
� IWP
tvis

11 108

Figure 3. Same as Figure 1, but for 23 July. A 2.5� � 2.5�
(corresponds to �278 km � 252 km) geographical grid is
covered. The coastline of southern Florida is included as a
thin solid line. Additionally to the flight paths of the ER-2
(thick dash-dotted line), and WB-57F (thick dashed line),
the flight path of the Twin-Otter is plotted as a thick solid
line. The two flight paths of the ER-2 and Twin-Otter were
both flown between 2303:00 and 2320:00 UTC. The
microphysical sampling with the WB-57F was performed
29 min after the two radiation aircraft had left the area
(2349:04–2401:44 UTC). The starting locations of the
flight paths of the three aircraft are indicated as open
triangles.
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scattered radiation as a function of the scattering angle q.
The first moment of the phase function, the so-called
asymmetry parameter gl(D), ranges between �1 and 1
and quantifies the asymmetry of the scattering pattern. gl
values approaching 1 or �1 represent a highly asymmet-
ric phase function, while values of gl around 0 charac-
terize a symmetric phase function.
[26] The calculations were performed using an Im-

proved Geometric Optics Method (IGOM) developed by
Yang and Liou [1996]. In IGOM, the principles of
geometric optics are employed to compute the near-field,
which is mapped to the far-field on the basis of a
rigorous electromagnetic relationship. The conventional
ray-tracing technique gives a constant extinction efficiency
(defined as the ratio of Cext,l and the geometrical cross
section of the particle) of 2 regardless of particle size. This
nonrealistic result is circumvented in IGOM by accounting
for the phase interferences between the rays. It should be
pointed out that the tunneling effect [Baran et al., 2001;
Mitchell, 2002], which can be significant in the infrared and
NIR wavelength regions [e.g., Yang et al., 2003], is not
considered in IGOM. However, this issue is not substantial
in the spectral range covered by SSFR and thus the IGOM is
reasonably accurate for our application [cf. Liou et al.,
2000]. The refractive indices used in the simulations were
taken from Warren’s compilation [Warren, 1984] with a
modification based on the measurements by Gosse et al.
[1995].
[27] The results of the calculations have been archived

in an electronic library. 140 equidistant wavelengths from
300 to 1700 nm (10 nm steps) were used to cover the
complete wavelength range of the SSFR. The ice crystal
size spectrum was subdivided into 40 bins between 1 mm
to 1500 mm.
2.2.2. Ice Crystals Populations
[28] The volumetric optical properties of the ice crystal

populations were obtained by integration of the single-
scattering optical properties (Cext,l, wl, gl, and pl) weighted
by the number size distribution dN

d logD
. This procedure corre-

sponded to a number size distribution weighted averaging of
the single-scattering optical properties.

[29] The spectral volume extinction coefficient hbext,li in
units of km�1 was calculated by

hbext;li ¼
Z

Cext;l D0ð Þ � dN

d logD
D0ð Þ � d logD0: ð1Þ

In a similar manner the volumetric single-scattering albedo
hwli and the volumetric asymmetry parameter hgli (both
dimensionless) were obtained by

hwli ¼
R
wl D0ð Þ � Cext;l D0ð Þ � dN

d logD
D0ð Þ � d logD0

hbext;li
; ð2Þ

hgli ¼
R
gl D0ð Þ � Csca;l D0ð Þ � dN

d logD
D0ð Þ � d logD0

R
Csca;l D0ð Þ � dN

d logD
D0ð Þ � d logD0 ; ð3Þ

with Csca,l = wl � Cext,l. Additionally the volumetric phase
function hpli (unit of sr�1) has been calculated by a similar
weighting procedure:

hpl qð Þi ¼
R
pl q;D0ð Þ � Csca;l D0ð Þ � dN

d logD
D0ð Þ � d logD0

R
Csca;l D0ð Þ � dN

d logD
D0ð Þ � d logD0 : ð4Þ

2.2.3. Calculation of Solar Spectral Irradiances
2.2.3.1. Model Features and Input
[30] The libRadtran (library for Radiative transfer) code

by Mayer and Kylling [2005] was used in this study.
libRadtran is a flexible and user-friendly model package
which allows quick, yet accurate simulation of solar
spectral irradiances. The discrete ordinate solver DISORT
version 2.0 by Stamnes et al. [1988] with six streams was
applied. For the meteorological input (static air tempera-
ture, relative humidity, and static air pressure) the tropical
profile by Anderson et al. [1986] was merged with actual
data from nearby drop sonde measurements (launched
from the ER-2). For the aerosol microphysical properties
the spring-summer rural aerosol profile by Shettle [1989]

Figure 4. Same as Figure 2, but for 23 July. Size distribution measurements of the CAPS/SPP/CPI
instruments on board the WB-57F aircraft were used for the integration.
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was used in the boundary layer, assuming a visibility of
50 km. For altitudes above 2 km the background aerosol
type by Shettle [1989] was chosen. For the radiative
transfer calculations particular surface albedo measure-
ments for the CRYSTAL-FACE area were used [Wendisch
et al., 2004].
[31] The cirrus microphysical model input consisted of

the profiles of the volume extinction coefficient hbext,li, the
volumetric single-scattering albedo hwli, and the volumetric
asymmetry parameter hgli (or the volumetric phase function
hpli). These volumetric cirrus optical properties were cal-
culated on the basis of the single-scattering optical proper-
ties of the individual ice crystal (Cext,l, wl, and gl, or pl)
weighted with the profiles of the measured number size
distribution (equations (1)–(4)). The calculated profiles of
the volumetric cirrus optical properties have been interpo-
lated onto the vertical model grid, which has a vertical
resolution of 0.1 km (26 July case) or 0.02 km (23 July
cirrus cloud), respectively.
2.2.3.2. Henyey-Greenstein Versus Exact
Volumetric Phase Function
[32] The treatment of exact volumetric scattering phase

functions in radiative transfer codes is often quite com-
plex. Due to the sharp forward peak typical for ice
particle populations, the often-used Legendre-expansion
of hpli requires thousands of terms for an adequate
representation of all features, which is computationally
time consuming. To circumvent this problem, the Henyey-
Greenstein (HG) volumetric phase function (hpHG,li) is
often applied as an approximation for the exact volumetric
phase function:

hpHG;li ¼
1� hgli2

1þ hgli2 � 2hgli � cos q
� �3

2

: ð5Þ

In this HG approximation only the volumetric asymmetry
parameter hgli is required and the computer time-consuming
Legendre-expansion of the exact volumetric phase function
is not needed. Instead the Legendre-coefficients for hpHG,li
are analytically given. The first Legendre-coefficient
of hpHG,li is 1, followed by hgli, hgli2, hgli3, hgli4, and
so on.
[33] For water clouds and aerosol particles it has been

shown that the HG approximation produces very accurate
radiative transfer model results for transmitted and reflected
irradiances [e.g., Hansen, 1969]. However, in the case of
cirrus clouds with extreme forward peaks of the phase
function (q < 2�) this may no longer hold.
[34] To investigate this problem, the data from the opti-

cally thin cirrus case on 26 July have been used because
effects due to the HG approximation are expected to be
greatest for low-order scattering. Multiple scattering pro-
cesses always tend to smooth out special features of the
single-scattering optical properties. The reflected irradiance
spectra above the cirrus at the flight level of the ER-2 and
the transmitted spectral irradiance at the Twin-Otter flight
altitude below the cloud have been calculated in two ways.
(1) ‘‘HG simulations’’: The HG phase function was
employed in the radiative transfer simulations using the
asymmetry parameter from equation (3). (2) ‘‘Exact sim-
ulations’’: The exact volumetric phase function using

equation (4) has been used in the radiative transfer
calculations. Both approaches 1 and 2 were performed
assuming columnar-shaped ice particles.
[35] For the exact simulations, hpli has been expanded

into 3000 Legendre-coefficients which assured an accurate
representation over the entire range of scattering angles q. In
particular, the strong forward peak (at angles q < 2�) typical
for ice crystals is hard to reproduce. However, nearly half of
the scattered energy is concentrated in scattering angles less
than 2�, one quarter below 0.4� and one tenth below 0.2�.
Therefore much caution (i.e., thousands of Legendre-
coefficients) is needed to accurately reproduce hpli of
ice crystals.
[36] The results of the calculations can be summarized as

follows: For the reflected spectral radiation (400 nm � l �
1350 nm) above the cirrus, the ratio of the irradiance spectra
calculated with the HG and the exact simulations was
between +7% at 630 nm and �4% at l = 1200 nm. For
the transmitted irradiance below the cirrus this ratio was
within ±1%. For wavelengths beyond 1350 nm larger
deviations were obtained, especially within the ice absorp-
tion bands. We concluded that for the radiation below the
cirrus the HG approximation is completely sufficient to
reproduce accurately the radiative effects of cirrus clouds.
The reflected radiation above the cirrus is more sensitive to
the exact shape of the phase function, although there are no
serious differences between the results of the HG and exact
simulations.
[37] Therefore, considering the enormous computational

efforts needed to accurately expand the exact volumetric
phase function, in the following analysis the HG approxi-
mation has been used to calculate the irradiance spectra
above and below the cirrus. By doing so an uncertainty of at
maximum ±7% (outside the ice absorption bands) can be
expected, which is slightly greater than the measurement
uncertainty of the SSFR.

3. Influence of Cirrus Crystal Habits

[38] The radiation calculations were performed for the two
cirrus cases (26 and 23 July) assuming the particle habits
introduced at the beginning of subsection 2.2. For individual
ice crystals, the impact of particle shape on single-scattering
optical properties is discussed in subsection 3.1. The crystal
shape sensitivity of the volumetric optical properties is
analyzed in subsection 3.2. The irradiance spectra as a
function of crystal shape are compared with the measure-
ments of the SSFR in subsection 3.3. Subsection 3.4 shows
the impact of the assumed crystal habits on the radiative
forcing for the cirrus.

3.1. Single-Scattering Optical Properties of
Individual Ice Crystals

[39] As an example, Figure 5 shows the spectral depen-
dencies of the extinction cross section Cext,l (Figure 5a), the
asymmetry parameter gl (Figure 5b), and the single-
scattering albedo wl (Figures 5c and 5d) for mono-disperse
ice crystals (fixed maximum dimension D = 25 mm) of
different crystal habits.
[40] Clearly the spherical assumption yields the largest

Cext,l because spheres have the largest geometrical cross
section for a fixed maximum particle dimension D. Con-
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versely, aggregates exhibit the lowest values of Cext,l.
Spheres also lead to the highest values of gl, while
aggregates exhibit the largest deviations of the scattering
pattern from the sphere evidenced by the lowest values for
gl. There is only a slight wavelength dependence of gl for
all crystal habits considered.
[41] Even weak ice crystal absorption may have a large

impact on solar radiation due to the magnifying effect of
multiple scattering. Therefore the plots for the calculated
spectra of the single-scattering albedo wl are split into
two wavelength ranges: 350–1300 nm (Figure 5c) and
1300–1700 nm (Figure 5d). The two figures cover
different vertical axis ranges and thus allow to depict in
more detail the three major ice absorption bands
(1030 nm; 1250 nm; and 1490 nm) in the SSFR spectral
range. The single-scattering albedo is practically 1 for
wavelengths less than about 800 nm, and drops within the
ice absorption bands. wl is anti-correlated with Cext,l;
high extinction also results in high absorption, i.e. low
values of wl, and vice versa. Thus spheres exhibit the
largest absorption (lowest values of wl) because of the
geometrical cross section is largest compared to all other
crystal shapes. Aggregates and bullets show the weakest

absorption and hence the largest wl. The strongest differ-
ences among the different crystal shapes are within the
ice absorption bands, reflecting differences in their re-
spective radiative effective sizes.
[42] As another example, Figure 6 shows the same single-

scattering optical properties at fixed wavelengths but as a
function of maximum crystal dimension D. Cext,l is clearly
increasing with D with largest values for spheres, as
expected, since it can be approximated as twice the geo-
metric cross section in the geometric optics limit. gl has
also a general tendency to increase with D and is very
different for the crystal shapes investigated here. wl
decreases monotonically with increasing particle size in
the ice absorption band of 1490 nm with an increasing
crystal shape sensitivity toward larger particles.
[43] It is concluded that in terms of absorption crystal

shape matters mainly in the ice absorption bands. More-
over, we conclude that the single-scattering albedo exhibits
the expected increase with maximum particle dimension
for all crystal habits but with considerable variability in
magnitude due to shape dependencies on photon path
lengths within the various crystal types. Cext,l and gl are
strongly influenced by the crystal shape assumption

Figure 5. Individual ice crystals: (a) Extinction cross section Cext,l, (b) asymmetry parameter gl, and
(c and d) single-scattering albedo wl as a function of wavelength l for ice crystals with a fixed
maximum dimension of D = 25 mm. The curve notation is as follows: solid lines with open squares for
spheres; dashed lines for columns; dash-dotted lines for hollows; solid lines with pluses for plates;
solid lines for bullets; dotted lines for aggregates.
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throughout the entire solar wavelength range and for all
crystal sizes.

3.2. Volumetric Optical Properties of
Ice Crystal Populations

[44] Figure 7 shows an example of the results of the
calculations for the cirrus cloud observed on 23 July.
Displayed are the profiles of the volume extinction coeffi-
cient hbext,li (Figure 7a), the volumetric asymmetry param-
eter hgli (Figure 7b), and the volumetric single-scattering
albedo hwli (Figure 7c) for the different particle habits. In
Figure 7a the curves for columns and hollows are almost
identical, therefore only the columns are plotted. The
measured volume extinction coefficient bext,vis, as derived
from the CAPS/SPP/CPI instruments, is added to Figure 7a
as a solid line with open diamonds.
[45] The profile of hbext,li closely follows the vertical

pattern of the microphysical measurements on that day
(Figure 4). hbext,li is linked to Cext,l via equation (1).
Therefore, similar to Figures 5a and 6a, hbext,li for spheres
is much larger compared to all other particle shapes because
spheres yield the largest cross section for a given maximum

particle dimension. The extinction is lowest for aggregates
which, conversely, yield the smallest cross section per
maximum particle dimension. There is a considerable
spread between the curves (about 60%), which shows the
significant influence of ice crystal shape on volumetric
extinction.
[46] Both, the profiles of hgli and hwli are nearly

constant with altitude through most of the cloud. hgli is
largest for spheres and lowest for aggregates, in correspon-
dence with Figures 5b and 6b. As for the single-scattering
optical properties, hwli is anti-correlated with hbext,li. The
range of magnitude of hgli and hwli for the different shape
assumptions is approximately 10%.
[47] From the calculated profiles of the volume extinction

coefficient the optical thickness of the cirrus clouds tl was
calculated for the different crystal habits by

tl ¼
Z

hbext;l z0ð Þi � dz0: ð6Þ

The resulting calculated tl at 700 nm wavelength for the
two cloud cases considered here is given in Table 2. Spheres

Figure 6. Individual ice crystals: (a) Extinction cross section Cext,l, (b) asymmetry parameter gl, and
(c) single-scattering albedo wl as a function of maximum particle dimension D for a fixed wavelength
of l = 700 nm (Figures 6a and 6b) and within the ice absorption band of l = 1490 nm (Figure 6c).
The curve notation is the same as in Figure 5.
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(aggregates) result in the largest (smallest) optical thickness
which follows from Figure 7a. This conclusion is valid for
both cases, 26 and 23 July.

3.3. Downwelling and Upwelling Irradiance Spectra

3.3.1. Optically Thin Cirrus
[48] Figure 8 shows the measured (solid lines) and

calculated downwelling and upwelling irradiance spectra
for the flight level of the ER-2 above the cloud assuming a
columnar particle shape in the calculations. The measured
downwelling irradiance spectra Fl

# in Figure 8a agree with
the calculations within ±5% (for l � 400 nm), which is
within the instrument measurement uncertainty. The ratio of
measured to calculated spectra of Fl

# above the cloud is
practically independent of the assumed ice crystal shape
(not shown). Downwelling irradiance spectra above the
cloud are neglibly influenced by the cloud layer beneath.
[49] The calculated upwelling irradiances Fl

" shown in
Figure 8b are systematically lower than the measured irradi-
ances but, nevertheless, are within the variability of the

measurements over the flight track (vertical bars). The ratio
of measured and calculated Fl

" is about 10% in the UV-VIS
spectral range (l � 1000 nm) for the columnar crystal shape
assumption. For the NIR wavelength range this ratio may
reach values of ±50%. Crystal shape assumptions other than

Table 2. Spectral Optical Thickness tl of the Cirrus Cloud

Layers for l = 700 nm Wavelength, as Derived From the

Calculations (Equation (6)) Assuming Different Ice Crystal

Shapes

26 July 2002
Optically Thin Cirrus

23 July 2002
Cirrus of Moderate
Optical Thickness

Spheres 1.5 9.2
Columns 1.2 6.6
Hollows 1.2 6.6
Plates 0.87 5.7
Bullets 0.57 3.7
Aggregates 0.53 3.4

Figure 7. Ice crystal populations: Profiles of the (a) volume extinction coefficient hbext,li, (b) asymmetry
parameter hgli, and (c) single-scattering albedo hwli at a wavelength of l = 700 nm (Figures 7a and 7b) and
in the ice absorption band at l = 1490 nm (Figure 7c). The curve notation is the same as in Figure 5.
Additionally the volume extinction coefficient bext,vis as derived from the CAPS/SPP/CPI instruments is
included (solid lines with open diamonds in Figure 7a). The size distribution data have been taken on
23 July (cirrus of moderate optical thickness).
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columns yield larger deviations between measured and
calculated Fl

" above the cloud (not shown). However, the
absolute differences between measurements and calcula-
tions are quite small (0.04 W m�2 nm�1 at l = 500 nm)
because little radiation is reflected by this optically thin
cirrus cloud. Therefore, small systematic errors, for exam-
ple, those associated with absolute calibration (offsets) may
cause large relative deviations, but the effects on total solar
radiation energy is minimal. Additionally, uncertainties in
the microphysical measurements can easily explain the
measurement-model differences in the reflected irradiance
above the cloud. However, it is not the objective of this
paper to study the sensitivity of scattered irradiance with
respect to microphysical measurement uncertainties. More-
over, for this special case of optically thin cirrus, uncertain-
ties in the surface albedo, and possible contamination by
low clouds may play a role. Such low clouds are not
considered in the radiative transfer calculations and may
have increased the measured reflected irradiance above the
cloud.
[50] The promising agreement between measured and

calculated irradiance spectra (both downwelling and up-
welling) assuming a columnar crystal shape does not
necessarily lead to the conclusion that this crystal habit
was dominant in the cirrus cloud on 26 July. There are too
many uncertainties (microphysical measurements, surface
albedo, low cloud below the cirrus) in the simulations. The
variation of these variables within their range of uncer-
tainty, which has not been attempted in this paper in detail,
may lead to other favored crystal shapes. For example,
using the CAPS/SPP/CPI composite crystal size distribu-
tions yields systematically lower reflected irradiance spec-
tra in the VIS (about 5%) and slightly higher values in the
NIR, compared to the calculations based on the VIPS size
distributions in this optically thin cirrus case. The CAPS/
SPP/CPI size distributions are systematically larger for
D � 25 mm, and lower for D > 25 mm than the VIPS
data. Also the VIPS data do not include ice crystals with

D > 300 mm. Therefore it is not surprising that the
resulting reflected irradiance spectra are different for the
two microphysical data sets. In spite of these issues,
the general agreement between measurements and calcu-
lations shows that the observed radiation can be explained
using measured model input, even in this complicated case
of an optically thin cirrus cloud.
[51] Figure 9 shows the ratio of calculated upwelling

irradiance spectra for each of the nonspherical habits to that
for spheres at the ER-2 flight level. On the basis of Figure 7a
it might be expected that the spheres would yield the highest
reflected irradiance and thus should be on either of the
extremes in the curve family in Figure 9. Instead, spheres
lie somewhat in the midrange of the curves. This is because,
even though spheres exhibit the largest hbext,li, they are also
characterized by the largest hgli values. These competing
effects may lead to greater (due to the large hbext,li) or less
(due increased forward scattering as indicated by higher hgli
values) reflected radiation depending upon the relative
strength of these effects compared to those of the various
nonspherical habits.
[52] Figure 9 exhibits considerable variability with wave-

length for this cirrus case. For l = 400 nm it does not really
matter which shape is assumed in the calculations. The
relative spread spanned by the curves (i.e. the percentage
difference between the solid line with pluses for plates and
the dashed line for columns) is about 13% for l = 400 nm. It
increases with wavelength to a maximum value of about
100% for l = 1400 nm. Within the gas absorption bands of
H2O and O2 the curves diverge, within the ice absorption
bands (1030 nm; 1250 nm; and 1490 nm) the curves
converge.
[53] The optically thin cirrus case occurred during high

solar elevation (small value of solar zenith angle qs = 21�).
For near-zenith incidence the majority of incident photons
encounter only one scattering event for a cloud of this
optical depth (tvis � 1). For low solar elevation (larger solar
zenith angle) the slant path through the cloud is significantly

Figure 8. Measured (solid lines, ER-2) and calculated (dashed lines) (left) downwelling irradiance Fl
#

and (right) upwelling irradiance Fl
" for the flight level of the ER-2 (19.9 km) above the cloud for 26 July

(optically thin cirrus). The measurements are averaged along the flight track; the vertical bars represent
the standard deviations of the measurements along the flight track. The average solar zenith angle for the
ER-2 measurements, qs = 21�, was used in the radiative transfer simulations. Columns have been assumed
as ice crystal shapes.
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enhanced and thus the probability of multiple scattering
increases. One may expect then that some of the distinct
characteristics of the nonspherical single-scattering optical
properties would diminish at larger solar zenith angles.
Indeed, additional calculations have shown this to be true.
In these calculations qs was increased to 75�. A plot similar
to that shown in Figure 9 was produced (not shown). In this
plot the relative spread spanned by the resulting curve
family decreased from 13% (for qs = 21�) to 4% (for qs =
75�) at l = 400 nm. The ratio range at l = 1400 nm
decreased to about 36% (from 100% for qs = 21�). This
shows that, as expected, the crystal shape sensitivity of the
reflected irradiance spectra above the cloud was reduced
with increasing qs, due to the increased multiple scattering
which tends to diminish shape characteristics caused by

nonspherical single-scattering. It should be noted that rela-
tive differences of the volumetric phase function as a
function of scattering angle (among the various ice crystal
shapes) may also contribute to the solar incident angle
dependence.
3.3.2. Cirrus of Moderate Optical Thickness
3.3.2.1. Irradiance Above the Cloud
[54] Figure 10 shows the comparison between observed

and simulated downwelling and upwelling irradiance
spectra above the cirrus for the 23 July case. The
calculation using aggregates led to the best agreement
with the measurements and are shown here. Because the
solar zenith angle was much larger in this case (qs = 78�),
the downward irradiance in Figure 10a is lower compared
to Figure 8a. The cloud observed on 23 July was
optically thicker compared to the case described in
subsection 3.3.1, and therefore the reflected irradiance
above the cloud shown in Figure 10b is higher (relative
to the downward irradiance) than for the 26 July case
shown in Figure 8b. The ratio of measured to calculated
downwelling irradiance spectra is similar to that for the
optically thin cloud case (within ±5%). The ratio of the
upwelling irradiance spectra above this cloud is also
within ±5%, which is even lower than for the optically
thin cloud case. This improved agreement between mea-
sured and calculated upwelling irradiance above the cloud
(compared to the optically thin cirrus case) likely results
from factors such as a smaller contribution from the
surface albedo variations along the flight track to the
above-cloud upwelling irradiance as well as from other
scatterers in the lower atmosphere such as low clouds.
For these reasons this thicker cirrus might be considered
less complicated than the optically thin cirrus case, at
least in a radiative sense.
[55] The downwelling irradiance above the optically

thicker cirrus on 23 July was practically insensitive to the
chosen crystal shape, similar to the case of optically thin
cirrus. The agreement between measured and calculated
upwelling irradiance spectra at the ER-2 flight level was
less than that of the downwelling irradiance spectra for all
habits except aggregates. The poorest agreement was found

Figure 9. Ratio of calculated upwelling irradiance Fl
"

assuming spherical and nonspherical ice crystal shapes for
the flight level of the ER-2 (19.9 km) above the cloud for
26 July (optically thin cirrus). The solar zenith angle was
qs = 21�. The curve notation is the same as in Figure 5.

Figure 10. Same as Figure 8, but for themeasurements taken on 23 July (flight level of the ER-2: 20.7 km;
qs = 78�). In the calculations (dotted lines), aggregates have been assumed as ice crystal shapes.
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for columns. However, the ratio of measured to calculated
reflected irradiance in the worst case was still less than 10%
(outside the gas and ice absorption bands) and thus clearly
within the standard deviation of the observed upwelling
irradiance spectra over the flight ER-2 track.
[56] This implies that for this case of an optically thicker

cirrus cloud the general sensitivity of the reflected irradi-
ance with regard to crystal shape is smaller compared to
the optically thinner cloud case on 26 July. This fact
further emphasizes the influence of multiple scattering on
reducing the variability seen in the single-scattering char-
acteristics of the various crystal habits. This is quantified
in Figure 11, which shows that the spread between the
curves is smaller than 10–20% throughout the entire
spectral range of the SSFR. Even the most unlikely of
crystal shape, spherical, can sufficiently reproduce the
observed spectra at wavelengths less than 1400 nm
within the variability of the measurements over this time
period. For larger wavelengths, however, effects due to
crystal shape become more significant and this is due to
the variability in single-scattering albedo evident in
Figures 5c and 5d. For multiple scattering media these
absorption effects are further amplified. This is a funda-
mental difference between the nonsphericity effects on
atmospheric scattering and absorption. Enhance multiple
scattering smoothes out the nonsphericity effects for wave-
lengths where scattering dominates, but amplifies the non-
sphericity impact within the ice absorption bands.
[57] If the solar zenith angle is artificially decreased from

qs = 78� (as it was the case during the actual measurement)
to qs = 15�, then the span of the curves increases to a
maximum of ±20% (not shown) due to less multiple
scattering. Therefore it is concluded that the influence of
the crystal shape assumed in the calculations on reflected
irradiance above cirrus clouds of moderate optical thickness
is only significant for small zenith angles. For clouds with
larger optical thickness, this influence is expected to be-
come negligible.

[58] From this comparison it is concluded that the
reflected irradiance above the cirrus cloud with moderate
optical thickness can be reproduced by the calculations
within its natural variability. The sensitivity to particle
shape, however, is too low to allow a determination of the
habit from this kind of measurement. Even spherical particle
shapes lead to a reasonable agreement between measured
and calculated reflected irradiance.
3.3.2.2. Irradiance Below the Cloud
[59] Below the cirrus cloud the comparison between

measured and calculated irradiance was not satisfactory
(see Figure 12). The simulated downwelling and upwell-
ing irradiance spectra clearly exceeded the range of
variability in the measurements along the flight track
(vertical bars; note that these are considerably larger than
measurement uncertainty which is the range of 4–6%
across the spectrum). For the downwelling irradiance the
calculations are about 50% lower compared to the mea-
surements, while the upwelling irradiance deviates even
more (200–500%).
[60] Part of the upwelling irradiance is directly propor-

tional to the surface albedo. A good estimate of the
surface albedo is therefore crucial for the calculation of
the upwelling irradiances below cloud. However, also the
simulation of the downwelling irradiance below the
highly reflecting cloud base is influenced by the surface
albedo. In the calculations presented in Figure 12 the sea
surface albedo measured during the CRYSTAL-FACE cam-
paign was used [Wendisch et al., 2004]. However, parts
of the flight track were over land surface (see Figure 3).
Indeed, an increase in the upwelling irradiance spectra for
wavelengths larger than 700 nm (vegetation step) was
evident in Figure 12b, and this is a typical feature of
land surface vegetation. Therefore the calculations were
repeated using the respective land surface albedo data by
Wendisch et al. [2004], which were also collected during
CRYSTAL-FACE. This improved the measurement-calcu-
lation comparison but it did not completely remove the
discrepancy between measurement and model. Clearly
additional factors contributed to the differences between
measured and calculated downwelling and upwelling
irradiance spectra below the cirrus cloud on 26 July.
[61] The microphysical measurements from the WB-

57F were taken outside the immediate vicinity of the
flight tracks of the ER-2 and the Twin Otter (see Figure 3).
The Lidar backscattering measurements taken on board the
ER-2 have revealed significant variability of the cloud
structure along the flight track (M. McGlill, personal
communication). Therefore it seems likely that the one-
dimensional microphysical measurements of the WB-57F
do not fully represent the cloud field in this specific case.
For the ER-2 (flying at 20.7 km altitude) the radiation
measurements were collected well above the cloud top
(8.0 km). Therefore problems associated with cloud
spatial inhomogeneities are less crucial, simply because
the spatial variability is smoothed out by the angular
integration of hemispheric measurements made several
kilometers above cloud top. The Twin-Otter was flying
at 3.6 km altitude, much closer to the cloud base (6.4 km) than
the ER-2. Furthermore the flight track of the Twin-Otter was
shorter. Therefore, with the additional complications of
variable land surface albedo (and part of the track was over

Figure 11. Same as Figure 9, but for 23 July (flight level
of the ER-2: 20.7 km; qs = 78�). The curve notation is the
same as in Figure 5.
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sea), cloud inhomogeneities lead to significant deviations
between measured and calculated irradiance spectra below
the cloud.
[62] Below the cloud the shape sensitivity of the downwel-

ling irradiance spectra is larger (see Figure 13) compared to
that of the reflected irradiance above the cloud (Figure 11).
The span of the curves is�25%. Serious deviations from the
spherical shape assumption are apparent at wavelengths
larger than 1000 nm.
[63] The dependence of the ratio shown in Figure 13 on

the solar zenith angle is small. Respective calculations for
qs = 15� (not shown) are nearly identical to the results for
qs = 78� (as shown in Figure 13) with a slightly decreased
span of the curves and somewhat lower deviations of the
nonspherical calculations to those obtained by the spher-
ical shape assumption. Below the cloud with only diffuse
irradiance the photons loose the memory of their source
direction. The slightly decreased sensitivity to shape
assumptions for smaller qs values is a result of the lower
photon path lengths and, therefore, less frequent multiple
scattering interactions of the photons penetrating the cloud
for high Sun.

3.4. Cirrus Radiative Forcing

[64] Solar radiative forcing is a good quantitative indica-
tor of the climatic impact of cirrus clouds. To derive this
quantity the solar spectral radiative forcing (in units of W
m�2 nm�1) of the cirrus clouds at the flight level of the ER-
2 (ztop) was calculated by

4Ftop;l ¼ F
"
clear;l ztop

� �
� F

"
cloudy;l ztop

� �
; ð7Þ

with index ‘‘clear’’ indicating cloud-free and the index
‘‘cloudy’’ for the case when clouds were included in the
calculations. 4Ftop,l is practically identical to the radiative
forcing of the cirrus clouds at the top of atmosphere.
Integration of the spectral forcing over the wavelength range

of the SSFR yields the solar integrated radiative forcing (in
units of W m�2) of the cirrus. Although the spectral range of
the SSFR does not cover the entire solar spectrum, the
integrated cirrus radiative forcing is almost very close to the
total solar radiative forcing.
[65] The effects of crystal shape assumptions on the

calculated solar spectral radiative forcing of the cirrus cloud
observed on July 23 has been investigated (Figure 14). For
qs = 78� (Figure 14a) the influence of the shape assumption
seems to be of minor importance. The ratio of spherical to
nonspherical forcing (Figure 14b) is mostly less than ±10%

Figure 12. Measured (solid lines, Twin-Otter) and calculated (dotted lines) (left) downwelling
irradiance Fl

# and (right) upwelling irradiance Fl
" for the flight level of the Twin-Otter (3.6 km) below the

cloud (qs = 78�). The measurements are averaged along the flight track; the vertical bars represent the
standard deviations of the measurements along the flight track. In the calculations, aggregates have been
assumed as ice crystal shapes. The data have been taken on 23 July (cirrus of moderate optically
thickness).

Figure 13. Ratio of calculated downwelling irradiance Fl
#

assuming spherical and nonspherical ice crystal shapes for
the flight level of the Twin-Otter (3.6 km) below the cloud
(qs = 78�). The data have been taken on 23 July (cirrus of
moderate optical thickness). The curve notation is the same
as in Figure 5.
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for l � 1400 nm. For larger wavelengths within the major
ice absorption band nonspherical simulations deviate signif-
icantly from spheres. For a smaller solar zenith angle (qs =
15�) the calculations yield much higher absolute spectral
cloud forcing (Figure 14c), because the incoming solar
radiation is higher. Owing to less multiple scattering for high
Sun, the shape effects are significantly greater (Figure 14d)
than the lower Sun counterparts.
[66] The total (spectrally integrated) cirrus radiative forc-

ing for each of the crystal shapes are listed in Table 3. For qs =
78� nonspherical shapes make a maximum change in forcing
of approximately ±8%. For qs = 15� (i.e., less multiple
scattering) the relative influence of the crystal shape chosen
in the calculations is much higher (between �16% for
columns and +26% assuming aggregates). This clearly shows
that crystal shape matters for the calculation of the solar
radiative forcing of the cirrus cloud investigated here.

4. Summary and Conclusions

[67] In this paper two cirrus cloud cases (26 July 2002:
optically thin cloud with tvis � 1; and 23 July 2002:

cirrus of moderate optical thickness with tvis � 7) from
the CRYSTAL-FACE were analyzed in terms of their
microphysical and radiative properties. One objective was
to investigate how well measured irradiance spectra and
spectral cirrus optical properties could be reproduced by
radiative transfer calculations using actual crystal size
distribution measurements. In other words, how well
could microphysical aircraft measurements be used to
represent the spectral irradiance above and below the
cirrus. The second, major goal of this paper was to
quantify the influence of different crystal habits on (1) the
spectral single-scattering optical properties of individual
ice crystals, (2) the volumetric optical properties of
populations of crystals, (3) the downwelling and upwell-
ing irradiance spectra above and below the clouds, and
(4) the spectral and solar radiative forcing of the cirrus
clouds investigated.
[68] Data from instruments on board three aircraft

(NASA ER-2 and WB-57F, CIRPAS Twin Otter) were
used in this study. Microphysical measurements (ice
crystal size distributions) were conducted by the VIPS
and CAPS/SPP/CPI instruments mounted on the WB-57F

Figure 14. Spectral radiative forcing as calculated from microphysical data taken on 23 July (cirrus of
moderate optical thickness). (a) Forcing is calculated for a solar zenith angle of qs = 78�. (c) Calculations
are performed for qs = 15�. (b and d) Spectral ratio of the calculated radiative forcing of the cirrus
assuming spheres and nonspherical crystal habits. The curve notation is the same as in Figure 5.
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aircraft. The radiation data were collected by the NASA
SSFR, which measures spectral downwelling and upwelling
irradiance in the wavelength range from 350–1670 nm. Two
identical versions of the SSFR were installed on the Twin
Otter and ER-2 aircraft. The ER-2 measured the spectral
downwelling and upwelling irradiance spectra above the
cloud, the Twin-Otter collected radiation data below the
cirrus.
[69] Single-scattering optical properties for individual ice

crystals were calculated assuming several crystal shapes
(spheres, columns, hollows, plates, bullets, aggregates).
These results were combined with the measured profiles
of the crystal size distributions to calculate the vertical
distribution of the spectral volumetric optical properties of
the ice crystal populations (volume extinction coefficient,
volumetric single-scattering albedo, volumetric asymmetry
parameter), which subsequently were used as input in
spectral radiative transfer calculations.
[70] The measured and calculated downwelling and

upwelling solar irradiance spectra above the cirrus were
in close agreement (mostly within ±5–10%) for most of
the assumed crystal habits. Below the cirrus the measured
and calculated irradiance agreement was poorer, most
likely because of highly variable surface albedo and
nonideal coincidence in time and space between the
microphysical and radiation measurements. The impact
of nonspherical crystal shapes on the reflected irradiance
spectra above the cirrus was significant for the optically
thin cloud case on 26 July. For the optically thicker cirrus
case on 23 July, this effect was significant only for small
solar zenith angles. For cirrus with larger optical thickness,
this influence is expected to become negligible. Below the
cirrus the impact of the crystal habit on downwelling
irradiance was found to be larger than for the reflected
irradiance above the cirrus. In general it was shown that,
outside the ice absorption bands, the impact of nonsphe-
ricity is more and more diminished if multiple scattering
(due to higher cloud optical thickness, or larger solar
zenith angle which means a larger photon path length)
becomes dominant. Whereas multiple scattering smoothes
out the nonsphericity effects outside the ice absorption
bands, it magnifies the impact of nonspherical ice crystal
shape within the ice absorption bands.
[71] The effects of crystal shape on the calculated solar

spectral radiative forcing of the cirrus cloud observed on
23 July were small (within ±10%) for large solar zenith
angles. For smaller solar zenith angles the shape effects
became significant. The spectrally integrated cirrus radiative
forcing for the different crystal shapes was also investigated.

For large solar zenith angles the nonspherical shapes had a
maximum effect of roughly ±8%; for small solar zenith
angles the relative influence of the crystal shape increased
(maximum values between �16% and +26%).
[72] The results presented in this paper identify some

problems related to colocation of the microphysical and
radiation measurements. Because cirrus clouds, by their
nature, are spatially and temporarily inhomogeneous,
aircraft measurements along a single flight track cannot
fully represent the microphysical input needed for the
radiative transfer simulations. The aircraft data are snap-
shots through the clouds and the exceptionally good
agreement between measured and calculated reflected
irradiance spectra above the clouds reported here could
have been the result of luck. Therefore one lesson we
have learned from this work is that cloud microphysical
temporal and spatial inhomogeneity has to be considered
and characterized much more carefully than is possible
with aircraft observations alone. Problems arise, even
when aircraft are perfectly colocated. Microphysical air-
craft data are like random needle peaks in the cloud.
They should be complemented by remote sensing techniques
such as Lidar or radar.
[73] In a related study to this paper (P. Pilewskie et al.,

manuscript in preparation, 2005), ice crystal effective radius
and cirrus optical thickness are retrieved from SSFR spectral
irradiance using a modified version of the single-scattering
library [Yang et al., 2000] used in the present paper. The
radiatively dominant effective ice crystal size was found to be
in close agreement to retrieved quantities from the Moderate
Resolution Imaging Spectrometer (MODIS) Airborne Simu-
lator, which also flew on the ER-2 during CRYSTAL-FACE.
However, the magnitude of ice crystal sizes determined by
remote sensing was considerably larger than values derived
from in situ measurements of bulk IWC and cirrus extinction
[Garrett et al., 2003] and this emphasizes the complexity of
relating the radiative, microphysical, and bulk measurement
of cirrus clouds from airborne platforms. These discrepancies
need to be resolved in order to improve our understanding of
the relationship between ice crystal microphysical properties
and cirrus radiative properties which will ultimately lead to
improved modeling of cirrus clouds in the context of the
global climate system.
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on 23 July 2002 (Cirrus of Moderate Optical Thickness)
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Solar Radiative
Forcing, W m�2

qs = 78�
Sphere/Nonsphere

qs = 15�
Solar Radiative
Forcing, W m�2

qs = 15�
Sphere/Nonsphere

Columns �100 0.928 �377 0.844
Hollows �96 0.955 �348 0.913
Spheres �93 1 �318 1
Bullets �89 1.042 �272 1.168
Plates �89 1.044 �269 1.180
Aggregates �86 1.082 �253 1.257
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